Three series of perovskite-type catalysts, i.e., La-M-Mn-Cu-O (M = Mg, Y, Zn, Ce), La-M-Cu-Zn-O (M = Ce, Mg, Zr, Y), and La-Mn-Zn-Cu-O, were designed and applied in CO 2 hydrogenation to methanol. The materials were characterized by XRD, N 2 -adsorption, N 2 O-adsorption, ICP-OES, XPS, and TPD techniques. Perovskite structures were observed and the ''metal on oxide'' could be realized via reduction. Upon the introduction of the fourth elements, more structure defects, smaller particles, higher Cu dispersion, larger amount of hydrogen desorption at low temperature, and more amount of basic sites were obtained. The selectivity for methanol and the TOF values were higher for the catalysts derived from perovskite-type precursors. The catalytic performance was related to Cu α+ and/or Cu 0 species, low-temperature H 2 adsorption on the unit, and the weak basic sites.
Introduction
Perovskite-type oxides have received significant attention because of their important electric, magnetic, ferromagnetic, pyroelectric, and piezoelectric properties [1, 2] . Recently, much attention has been paid to perovskite-type oxides as catalysts due to their high activity and thermal stability. For a typical ABO 3 perovskite, A-site is a larger rare earth and/or alkaline earth cation and B-site is a smaller transition metal cation. In such structure, the A-site keeps the structure and the B-site provides the catalytic activity site. B-site cations could be reduced to well-dispersed metallic species supported on the A-site cations oxide, which leads to ideal catalyst precursors for many reactions that involve metal as active sites [3, 4] . Besides, perovskite-type A 2 BO 4 mixed oxides with the K 2 NiF 4 structure, consisting of alternating layers of 
Textural and structural properties
As shown in Figure 1a [17] , for the La-M-Mn-Cu-O (M = Mg, Y, Zn, Ce) based perovskite precursors, the LaMnO 3 (JCPDS # 75-0440) are the main phase. The diffraction peak at about 2θ=32.5° shift towards higher values when the fourth elements were doped. Small peaks at 2θ=35.6°and 38.9°assigned to CuO (JCPDS # 89-5899) appear in the doped samples but not in the P sample. In all diffraction patterns, no phase that ascribes to Mg, Y, or Zn is observed, while a new phase ascribed to CeO 2 is found for the sample of Ce-P, which demonstrates that it is difficult for all the Ce to enter the perovskite lattice, which agrees with the conclusion by Weng et al. [18] . The physicochemical properties of the calcined perovskite-type catalysts are summarized in Table 1 [17] . Low specific surface area for perovskite-type oxides is common. For this series samples, the largest one is only 11.3 m for the Zn-P. The exposed Cu surface area and the Cu dispersion measured by N 2 O adsorption technique are also low, which even cannot be measured for both P and Ce-P. Y-P possesses the largest Cu surface area and the Cu dispersion by comparison. The lower copper surface area may not be favorable for the conversion of CO 2 to methanol [19] . The ICP results show that the experimental lanthanum amount is lower than the theoretical value, and other element amounts are similar to the nominal values. 
The XPS investigations
The XPS results presented in Table 2 [17] show that lanthanum ions of the reduced perovskitetype catalysts are present in the trivalent form because the La 3d5/2 peak is close to the value of pure lanthana at 834.4 eV [20] . However, the BE of La 3d5/2 of P sample is higher than the other samples, which implies the increasing of the electron cloud density around La ions for the doped samples. It may due to the fourth elements affect the transfer of the electrons of La to O, since O has the highest electronegativity value among all elements [21] . For O 1s , the binding energy at around 528.9-529.1 eV is assigned to the lattice oxygen (O 2-) [21, 22] and the binding energy at around 530.8-533.0 eV is ascribed to the adsorbed oxygen species (O ad ) in the surface, which contains hydroxyl (OH -), carbonate species (CO 3 2-), and molecular water. The binding energy decreases after the fourth element except Ce adding, which indicates that there are more electrons around oxygen. It is likely that the fourth components transfer the electronic to the oxygen. The presence of surface adsorbed oxygen species suggests the formation of oxygen vacancies in the defected oxides [23] (917.9 eV) [19, 28] . The Auger electron spectroscopies of Cu LMM of reduced samples are shown in Figure 2 [17] . The profiles are convoluted into two peaks. It can be seen that the majority of the copper species exist as Cu + Perovskite Materials -Synthesis, Characterisation, Properties, and Applications 568 for all samples, which is in accordance with the report of Jia et al. [29] . The weak Cu 0 peak could be the explanation for the immeasurable of exposed Cu 0 for P and Ce-P ( Copper-based Perovskite Design and Its Performance in CO 2 Hydrogenation to Methanol http://dx.doi.org/10.5772/61520
H 2 -TPD and CO 2 -TPD analysis
The H 2 desorption over the prereduced materials on the unit surface area below 523 K (test temperature) increases apparently with the addition of the fourth element, as shown in Table  3 [17].
Two CO 2 desorption peaks are observed for all samples (Figure 3 ), which are denoted as peak α and peak β [17] . The peak α at around 400 K could be assigned to weak basic sites and the peak β at around 600 K could be assigned to strong basic sites. With the introduction of the fourth components, the peak α shifts to higher temperature, while the peak β shifts to lower temperature, which indicate the increase of the weak basic sites' strength but the decrease of the strong basic sites' strength. The strength for the weak basic sites of the catalysts increases in the order of: P < Ce-P < Y-P < Mg-P < Zn-P. The amount of the basic sites is also changed with the fourth element doping. The quantitative analysis for the CO 2 -TPD based on the relative area of the profiles is listed in Table 3 , in which the P sample is assigned as 1.00. Both the weak basic sites and the strong basic sites increase due to the alkalinity of Mg for Mg-P. For Y-P, the amount of total basic sites and strong basic sites improved remarkably with the amount of weak basic sites' decreasing. Moreover, the amount of the weak basic sites increases, but the amount of the strong basic sites and total basic sites decrease for Zn-P and Ce-P samples. 
Catalytic performance
The catalytic performances of the catalysts for CO 2 hydrogenation to methanol are summarized in Table 4 [17] . Both the CO 2 conversion and methanol selectivity are improved when the fourth element is added. With the introduction of Zn, the activity increased greatly, which might be due to the fact that the active site is Cu δ+ -O-Zn 2+ [31, 32] . However, the activity improvement is slight for Ce-P. The relationship between the CO 2 conversion and the amount of H 2 desorption on unit surface area below 523 K (Table 3) is shown in Figure 4 [17] . It can be seen that the more the H 2 that is desorbed on the unit area, the more the CO 2 that is converted. Lower CO 2 conversion may result from lower copper content as well as lower surface area of copper in the system. The results of Figure 5 [17] show that the trend of the weak basic sites' strength and methanol selectivity is similar, which indicates their dependency. 
Textural and structural properties
Figure 6 [33] shows that the orthorhombic perovskite structure (A 2 BO 4 ) with high degree of crystallinity of the La 2 CuO 4 (JCPDS # 82-2142) is the main phase and two small peaks at 2θ=35.6˚ and 38.9˚ ascribed to the CuO phase (JCPDS # 89-5899) present in all samples. The weak peak at 2θ=36.3˚ attributed to the ZnO phase (JCPDS # 80-0075) appears in all samples except LMCZ-8273, which implies that Mg seems to have a special effect on the structure. The crystallographic parameters of the prepared materials were calculated by employing leastsquares refinement, assuming an orthorhombic crystal system for the samples, and the results are listed in Table 5 [33] . A certain degree of changes of the lattice parameters occured after the fourth component was introduced. The lattice parameters a, b, and c were lower than those of LCZ-173, which can be attributed to the shrinkage of the La 2 CuO 4 due to the introduction of the fourth elements. The mean grain size of La 2 CuO 4 calculated by the Scherrer equation shows that the particles size of the La 2 CuO 4 decreased remarkably for LCCZ-8273, LZCZ-8273, and LMCZ-8273, but slightly for LYCZ-8273. The physicochemical properties of the calcined catalysts are summarized in Table 6 [33] . The BET surface area for all calcined samples are rather low (S BET < 3 m , which is common for perovskite-type of materials [4] . It can be seen that the highest specific surface area is just only 2.3 m tendency of the exposed Cu surface area and the Cu dispersion measured by N 2 O adsorption is the same for the materials. The LZCZ-8273 shows the highest Cu surface area (S Cu ) and the best dispersion of copper (D Cu ). The physicochemical properties of LYCZ-8273 are similar to that of the LCZ-173, which indicates that the influence of the Y doping is negligible. 
XPS investigations
The reduced perovskite-type catalysts are analyzed by XPS, and the binding energies (BE) of La 3d5/2 and Zn 2p3/2 are presented in Copper-based Perovskite Design and Its Performance in CO 2 Hydrogenation to Methanol http://dx.doi.org/10.5772/61520
Catalytic performance
The catalytic performance for La-M-Cu-Zn-O (M = Ce, Mg, Zr, Y) catalysts are listed in Table  8 [33] . The LMCZ-8273 shows the highest CO 2 conversion and the maximum yield of methanol despite the lowest selectivity among all the samples. The LMCZ 8273 shows the highest methanol selectivity and the LCCZ-8273 shows moderate CO 2 conversion and methanol selectivity. The lowest CO 2 conversion and less improvement for methanol selectivity are observed for LYCZ-8273. The varying of the CO 2 conversion had the same tendency as the surface area of copper ( Figure 8 [33] ), indicating more surface copper existing in the catalysts may lead to higher activity, i.e., Cu 0 is the active site for CO 2 hydrogenation to methanol [10, 16, 19, 22, 35] . It is noteworthy that all catalysts show promising CH 3 OH selectivity, especially for LMCZ-8273. The order of the selectivity to CH 3 OH is as follows: LMCZ-8273 > LCCZ-8273 > LYCZ-8273 > LCZ173 > LZCZ-8273. The relationship between CH 3 OH selectivity and the Cu α+ Auger peaks is shown in Figure 9 [33] . It can be seen that Cu α+ had a strong effect on the selectivity for methanol: the lower the binding energy of the peak α, the higher is the CH 3 OH selectivity. Cu + is favorable for the reduction of CO 2 to CO (RWGS), so it can be derived that the farther away from 916.6 eV (the binding energy of Cu + in Cu LMM) for the peak α, the higher the CH 3 OH selectivity that can be obtained. As discussed above, doping of Mg leads to the proper oxide state of copper, which results in the best selectivity for methanol. For LCCZ-8273 and LYCZ-8273, Ce and Y substitute La in the A-site with the same charge (+3) and similar ionic radius, which produces more defects in the perovskite structure that causes the special oxide state for copper species. With the special structure of La 2 CuO 4 perovskite, the high dispersed copper species can be realized and stronger physical and electric interaction between the copper and other metal oxides can be obtained, which may lead to the formation and stabilization of the copper species with special valence [23] . However, for the LZCZ-8273, the formation of lanthanum zirconium pyrochlore has little influence on the perovskite structure but a great influence on the content of La 2 CuO 4 perovskite, which may lead to the lowest selectivity of methanol. The turnover frequency (TOF), which represents the number of CO 2 molecules hydrogenated in a unit site per second (s -1 ), is calculated from the exposed copper surface area for the perovskite-type catalysts (Table 8 [33] ). The TOF values of the perovskite-type catalysts were very high compared with other catalytic systems [22, 35] , indicating the better efficiency for copper atoms on perovskite-type catalysts. Copper-based Perovskite Design and Its Performance in CO 2 Hydrogenation to Methanol http://dx.doi.org/10.5772/61520
Performance of the La-Mn-Zn-Cu-O based perovskite precursors

Textural and structural properties
The XRD patterns of the fresh and reduced perovskites are presented in Figure 10a and b, respectively [36] . La 2 CuO 4 perovskite-like structure can be observed for all fresh samples. LaMnO 3 phase emerges and the La 2 CuO 4 phase transfers from tetragonal (JPCDS 81-2450) to orthorhombic (JPCDS 81-0872) as the manganese is introduced, which indicates that the manganese introduction distorts the structure of the La 2 CuO 4 . With the increasing of the manganese amount, the intensity of the La 2 CuO 4 phase decreases while that of the LaMnO 3 phase increases, which implies that the formation of LaMnO 3 is easier than that of La 2 CuO 4 . This phenomenon reveals that the structure of LaMnO 3 is more stable than La 2 CuO 4 . Small peaks for both CuO and ZnO can also be observed except LMC-046, which indicates the perovskite structure has certain tolerance for the involved elements for this perovskite-type system. Moreover, the peak intensity of the separated CuO decreases when the value of Mn/Zn decreases, which means the formation of LaMnO 3 can lead to the separation of copper from the La 2 CuO 4 perovskite structure. For the reduced sample (Figure 10b ), the La 2 CuO 4 perovskite structure disappears and the metallic copper and La 2 O 3 is observed, which indicates that the ''metal-on-oxide'' can be attained. The appearance of La 0.974 Mn 0.974 O 3 phase reveals that the reduction progress can result in defects rather than destruction for the Mn-based perovskite. The crystallographic parameters of the prepared materials were calculated by employing leastsquares refinement and the results are listed in Table 9 [36]. It can be found that the axes are elongated for the four element samples, which means that doping may strut the perovskite structure. The size of La 2 CuO 4 crystallites becomes smaller with the introduction of manganese. The LaMnO 3 phase changes from cubic to orthorhombic structure as zinc is introduced. Moreover, the LMZC-136 and LZC-046 possess the smallest LaMnO 3 and the largest La 2 CuO 4 crystallites among all the samples, which implies that the abundant zinc species can improve the formation of small LaMnO 3 and large La 2 CuO 4 crystallites. The change of lattice parameters of the samples implies that interaction between the involved elements might be different.
The BET specific surface area along with the exposed surface copper area and the copper dispersion measured by N 2 O adsorption are summarized in Table 10 [36]. The specific surface area for all samples is low, which is common for perovskite-type materials [37] . LMC-406 possesses the largest specific surface area (S BET ), the exposed surface copper area (S Cu ) as well as the copper dispersion (D Cu ), while the LZC-046 sample shows the lowest S Cu and D Cu , which indicate that the existence of LaMnO 3 perovskite structure is favorable for increasing the surface copper area due to the extension of the space structure for the samples with manganese ( Table 9 ). 
XPS investigations
The XPS results of the reduced perovskite-type catalysts are listed in Table 11 [36] . ) and the peak at around 531.1-531.5 eV can be assigned to the adsorbed oxygen species (O ad ) derived from the defects or oxygen vacancies in the structure [38] . The O 1s BE shifts to lower value with the decreasing of the Mn/Zn ratio, which suggests the increasing of electron cloud density around O element. The value of O ad /O 2-is max for the LZC-046, which decreases for the Mn containing samples, indicating that the LaMnO 3 could reduce the structural defects.
For this series catalyst, the binding energies of Cu 2p3/2 are lower than that for the copper oxide (933.0 eV) apparently, indicating that the Cu atoms are not in the simple copper oxides form. Figure 11 [36] shows the Auger electron spectroscopies of Cu LMM for the reduced samples. A broad peak can be observed, which can then be deconvoluted into three peaks. The peak at around 916. 5 
Catalytic performance
The performance of the La-Mn-Zn-Cu-O based perovskite catalysts for methanol synthesis from CO 2 hydrogenation is shown in Table 12 [36] . The LMC-406 shows the worst performance despite the largest surface area and exposed copper surface area. The LZC-046, which also contains three metal elements, but Zn instead of Mn, shows a moderate catalytic performance. It is well-known that the site of Cu
favors the adsorption of hydrogen that can transport to the bulk copper species via spillover [20, 39] . So the lack of the site of Cu ) changes. The four-component samples with two kinds of perovskites show better methanol selectivity, which implies that the strong synergy for different elements and different perovskite phases are significant for the improvement of the catalytic performance. In addition, it is also found that the lower the BE of the Cu α+ , the higher is the CH 3 OH selectivity ( Figure 13 ) [36] . a The ratio value was calculated from the Auger spectroscopy ( Figure 11 ). Perovskite Materials -Synthesis, Characterisation, Properties, and Applications 582
